The GTPase-activating proteins (GAPs) accelerate the hydrolysis of GTP to GDP by small GTPases. The GTPases play diverse roles in many cellular processes, including proliferation, cell motility, endocytosis, nuclear import/export, and nuclear membrane formation. Little is known about GAP-domain proteins in spermatogenesis. We isolated a novel RhoGAP domain-containing tGAP1 protein from male germ cells that exhibits unusual properties. The tGAP1 is expressed at low levels in early spermatogonia. Robust transcription initiates in midpachytene spermatocytes and continues after meiosis. The 175-kDa tGAP1 protein localizes to the cytoplasm of spermatocytes and to the cytoplasm and nucleus in spermatids. The protein contains four GAP domain-related sequences, in contrast to all other GAP proteins that harbor one such domain. No activity toward RhoA, Rac1, or Cdc42 could be detected. Results of transfection studies in various somatic cells indicated that low-level tGAP1 expression significantly slows down the cell cycle. Expression of higher levels of tGAP1 by infection of somatic cells with recombinant adenoviruses demonstrated that tGAP1 efficiently induces apoptosis, which to our knowledge is the first such demonstration for a RhoGAP protein. Based on its subcellular location in spermatids and its activity, tGAP1 may play a role in nuclear import/export. apoptosis, spermatid, spermatogenesis, testis
INTRODUCTION
The development of functional spermatozoa from undifferentiated male germ cells is a coordinated process involving regulated mitotic divisions, meiosis, cell growth, significant differentiation steps in haploid germ cells, significant changes in transcription, and apoptosis. This complicated process takes place in the protected surroundings of seminiferous tubules in the testis, where the only somatic cell, the Sertoli cell, is essential for many of these steps. Failure at any stage of this process will cause the male to become either subfertile or infertile. In addition, cancer may develop, and many different environmental and genetic factors have been implicated.
Normal spermatogenesis depends on a complex network of endocrine, paracrine, and autocrine signaling as well as cell-cell communication. In addition, a balance between proliferation and death of germ cells is established during spermatogenesis [1] [2] [3] . It has become clear that spermatogenesis depends on correct temporal and spatial regulation of the cell cycle at mitosis and meiosis [4] [5] [6] and involves significant alterations in transcriptional patterns [7] [8] [9] [10] . Many testis-specific proteins are synthesized, the contributions of which to sperm-specific structures are now beginning to be understood, and accurate execution of various signaling pathways-including the mitogen-activated protein kinase pathway [9] -is important. In addition, an increasing number of reports have appeared concerning stem cells in testis, their transplantation, and their possible impact on treatment regimens [11] . Some of this work started with observations regarding the effect of vitamin A-deficient diets in male rats, resulting in accumulation of undifferentiated spermatogonia [12] , their isolation and characterization [13, 14] , and the subsequent transplantation of such cells [11, 12, [15] [16] [17] .
Currently, little is known about the role of small GTPases and their regulatory partners, guanine nucleotide-exchange factors and GTPase-activating proteins (GAPs), in male germ cells. The GTPases play essential roles in such cellular processes as proliferation, cell motility, endocytosis, nuclear import/export, and nuclear membrane formation. The GTPase superfamily includes members of the Ras, Rho, Rab, Ran, and Arf subfamilies. The Rho subfamily, which includes RhoA, RhoB, RhoC, RhoE, RhoG, Rac1, Rac2, and Cdc42, is involved in various aspects of regulation motility, adhesion, gene expression, cell-cycle progression, and cell division in male germ cells [18] [19] [20] [21] . The MgcRacGAP protein [22, 23] belongs to the RhoGAP family and likely is involved in the development and/or function of male germ cells, specifically spermatocytes. It associates with the plasma membrane and binds an anion transporter Tat1 in spermatocytes and spermatids [23, 24] . RhoA, Rac1, and Cdc42, which are substrates for MgcRacGAP, are not expressed in male germ cells [24] . Instead, MgcRacGAP binds Rnd2, a Rho-family GTPase, in the Golgi-derived proacrosomal vesicle [24] .
We report here the isolation of a novel, testicular GAP domain-containing protein, which we named tGAP1, with the following features: tGAP1 is differentially spliced in spermatogonia, encodes not one but four GAP domains, localizes to the spermatocyte cytoplasm and plasma mem-tGAP1 INDUCES APOPTOSIS brane and to the nucleus in spermatids, and efficiently induces apoptosis in somatic cells.
MATERIALS AND METHODS

RNA Extraction
The RNA was extracted from rat tissues, including testis, liver, lung, kidney, brain, heart, skeletal muscle, intestine, colon, and epididymis, and from NIH3T3 fibroblasts using Trizol reagent (Invitrogen Canada, Inc., Burlington, ON) following the manufacturer's instructions with minor modifications. Contaminating DNA was removed by incubation of RNA preparations with 10 g/ml of RNase-free DNase I in conditions suggested by the manufacturer (Pharmacia Diagnostics, Kalamazoo, MI). All investigations were conducted in accordance with the International Guiding Principles for Biomedical Research Involving Animals as promulgated by the Society for the Study of Reproduction and the Canadian Council on Animal Care guidelines.
Reverse Transcription-Polymerase Chain Reaction and Screening cDNA Libraries
The protocol of Liang et al. [25] and Liang and Pardee [26] was applied with minor modifications. One microgram of RNA from the indicated sources was converted to cDNA using primer T 12 AC, T 12 CC, or T 12 GC. One microliter of cDNA was added to standard polymerase chain reaction (PCR) mixtures containing one of the above primers and 5Ј-GGTACTAAGG-3Ј primer and supplemented with [␣- 35 S]dATP. The PCR products were separated by electrophoresis on denaturing urea polyacrylamide gels that, after drying, were exposed to Kodak XAR5 film (Eastman Kodak, Rochester, NY). Gel segments containing differentially expressed cDNAs were excised and incubated in 100 l of TE (10 mM Tris-HCl [pH 7.4] and 1 mM EDTA), and cDNA was extracted by boiling. The cDNA was reamplified using the same PCR conditions and cloned in the pGEM-T Easy vector (Promega, Nepean, ON, Canada), resulting in clone p5-5.
To isolate cDNAs corresponding to clone p5-5, approximately 2 ϫ 10 5 recombinants of a cDNA library made from purified rat undifferentiated spermatogonia [27] were screened on duplicate filters using radiolabeled p5-5 as probe, as described previously [28] . Positive plaques were isolated, replated, and rescreened, and three positive clones were sequenced. All recovered cDNA clones were of the same gene, called tGAP1. Distinct tGAP1 cDNA clones (2C, 4A, and 6A) were sequenced. To obtain tGAP1 cDNA from adult male germ cells, reverse transcription (RT)-PCR was carried out using RNA isolated from elutriated spermatids and tGAP1-specific primers. Primers used in the present study were as follows: 1461 (5Ј-CATACTGACAAAGAGTCTGATGATTTAAAG-3Ј), CAR1 (5Ј-CA TAAGGAGCTATGCGGACAG-3Ј), CAF1 (5Ј-CCTGAAAATTCACAT TGGAGC-3Ј), RCF1 (5Ј-GATGGAACAGACCATTTGGTG-3Ј), and RC-R1 (5Ј-CAGTCTTCCTTCAATGTTTTG-3Ј). Resulting clones were sequenced and compared to clones 2C, 4A, and 6A.
DNA Sequencing and Computer Analysis
Cloned DNA or PCR products were purified using kits from Qiagen (Mississauga, ON) and sequenced using Applied Biosystems (Foster City, CA) automated sequencing units (UC DNA Sequencing Facility). Bioinformatics analysis of sequences was carried out using Omiga version 2 software (Oxford Molecular, Madison, WI) as well as programs available at http://ca.expasy.org, http://www.ensembl.org, and http://www.sanger. ac.uk.
Reverse Transcription-Polymerase Chain Reaction
Single-stranded cDNA was prepared from total RNA of indicated rat tissues using mouse murine leukemia virus reverse transcriptase (Invitrogen Canada) and oligo-dT (12) (13) (14) (15) (16) (17) (18) primer (Invitrogen Canada) according to the manufacturer's instructions. The cDNAs were analyzed for quality and genomic DNA contamination by PCR using ␤-actin primers (5Ј-CAA-CACCCCAGCCATGTACG-3Ј and 5Ј-AGGAAGAGGATGCGGCAGTG G-3Ј) spanning one intron. To analyze expression of tGAP1, these cDNAs were used in PCR reactions using various indicated primer combinations.
Northern Blot Analysis
Northern blot analysis was carried out as described previously [29] . In brief, RNAs extracted from indicated tissues were separated on formaldehyde RNA gels, and RNAs were transferred to Hybondϩ filters (Amersham Biosciences, Piscataway, NJ). Filters were probed with radiolabeled PCR products generated using appropriate primers. Prehybridization and hybridization were carried out for 2 h at 65ЊC and for 14-20 h at 65ЊC, respectively, after which filters were washed three times (30 min each wash) as described previously [29] .
Cell Culture and Transfection
The tGAP1 open reading frame was cloned into the KpnI and NotI sites of vector pCI (Promega). To obtain inducible tGAP1 expression, this insert was also cloned into the pIND vector from the ecdysone-inducible mammalian expression system (Invitrogen Canada). Mouse NIH3T3 cells were grown in Dulbecco modified Eagle medium supplemented with 10% bovine calf serum (Invitrogen Canada). Transient transfections using pCItGAP1 vectors were performed in 35-mm tissue-culture dishes using FuGENE6 (Roche Applied Science, Laval, QC, Canada) according to the manufacturer's instructions using 2 g of DNA per plate. To generate stable cell lines using the inducible vectors, we carried out cotransfection of NIH3T3 cells, and colony selection was done according to the manufacturer's instruction (Invitrogen Canada).
Adenovirus Constructs
The system for generation of recombinant adenovirus has been described previously [30] . Briefly, the complete tGAP1 coding region (sense orientation; 3879 base-pair [bp] KpnI/NotI restriction fragment), partial tGAP1 antisense orientation (3166-bp XhoI/SalI restriction fragment), and human p53 (1191-bp XbaI/BglII restriction fragment) were subcloned into the pAdTrack-CMV shuttle vector. The shuttle-vector plasmids and a shuttle vector without insert were linearized with PmeI and transformed into Escherichia coli strain BJ5183 by electroporation in a Bio-Rad Gene Pulser electroporator (Bio-Rad, Mississauga, ON, Canada): BJ5183 stably contains the adenoviral backbone vector pAdEasy-1. Bacterial colonies containing recombinants were selected with kanamycin (50 g/ml) and screened by restriction endonuclease digestions (PacI, EcoRI, and BamHI). The recombinant adenoviral constructs were transformed into XL1Blue bacteria for large-scale amplification. For production of adenoviruses in mammalian cells, recombinant adenoviral constructs were linearized using PacI and transfected into 293T cells using SuperFect (Qiagen). The process of viral production was monitored by visualization of green fluorescent protein (GFP) expression, which is incorporated into the adenoviral genome. Viruses were harvested after 7-10 days. Viruses were purified and concentrated using an Amicon Ultra filter (Millipore Canada Ltd., Nepean, ON) and titrated by serial dilution and infection of cells. Infection rates in indicated cells were monitored using GFP. In all subsequent experiments, infection rates of 90-100% were used for all viruses.
Germ Cell Cytoplasmic and Nuclear Protein Extracts
Elutriated germ cells were prepared as described previously [31] with minor modifications. Briefly, testes were isolated from adult Sprague-Dawley rats. After decapsulation, seminiferous tubules were purified and subsequently treated with collagenase/trypsin to release Sertoli cells and germ cells. Germ cells were fractionated by centrifugal elutriation as described [31] . Fractions were collected containing 90% pure pachytene spermatocytes (fraction 220), 90% pure round spermatids (fraction 90), and 50% pure late spermatids (fraction 50).
For total protein extracts, elutriated cells were extracted in lysis buffer (50 mM Hepes [pH 7.0], 1% [v/v] Nonidet-P40 [Sigma, St. Louis, MO], 1 g/ml of aprotinin, and 100 g/ml of PMSF). Protein was quantified by spectrophotometry.
Germ cell nuclear and cytoplasmic protein extracts were prepared as described previously [32] with minor modifications. Briefly, germ cells obtained by elutriation (10 7 cells) were washed twice with ice-cold PBS and suspended in 400 l of ice-cold buffer A (10 mM Hepes [pH 8.0], 10 mM KCl, 2 mM MgCl 2 , 0.1 mM EDTA [pH 8.0], 30 mM sucrose, 1 mM dithiothreitol (DTT), 0.4 mM PMSF, 0.3 g/ml of leupeptin, 5 M pepstatin A, and 0.5% Nonidet P-40) and incubated on ice for 1 min. Nuclei were collected by centrifugation at 1500 ϫ g for 10 min at 4ЊC, and the supernatant (cytoplasmic fraction) was collected, aliquoted, and stored at Ϫ80ЊC. The nuclear pellet was washed twice with ice-cold buffer B (buffer A plus 10 mM CaCl 2 ) and collected by centrifugation at 1500 ϫ g for 10 min at 4ЊC. The nuclear pellet was resuspended in 100 l of ice-cold buffer C (50 mM Hepes [pH 7.8], 100 mM KCl, 0.1 mM EDTA [pH 8 .0], 15% glycerol, 1 mM DTT, 0.5 mM PMSF, and 5 M pepstatin A), mixed gently at 4ЊC for 20 min, and centrifuged for 5 min at 14 000 FIG. 1. tGAP1 structure and mRNA expression. A) Analysis of tGAP1 mRNA expression. Total RNA was isolated from indicated rat tissues and converted to cDNA. As shown at the top, cDNAs were examined using ␤-actin gene-specific primers and next used to amplify tGAP1 cDNA using primers 1461 and CAR1. Clones 2C and 4A are alternatively spliced forms of tGAP1 spermatogonial cDNAs used as controls. As shown at the bottom, to uncover low-level expression, reamplification of the first PCR products by seminested PCR was applied using the CAR1 and internal primer CAF1. Note that in the first 30-cycle amplification, only testisspecific expression is seen. After a second round of PCR, tissue specific splicing products are seen in some tissues. B) Northern blot analysis of tGAP mRNA expression. Total RNA extracted from testis, brain, and a fibroblast cell line was examined by Northern blot analysis for expression of tGAP1 (top). The blot was next reprobed using ␤-actin (bottom). C) Schematic drawing showing an alignment of adult testicular tGAP1 cDNA and three alternatively spliced spermatogonial forms. Clone p5-5 is a differential display RT-PCR (DDRT-PCR) product used to screen a spermatogonia-specific cDNA library. Clones 6A, 4A, and 2C were obtained from this library. Comparison of these clones with tGAP1 cDNA showed 100% similarity, except for the segments that are added or deleted as indicated. The location of primers used in the present study is shown. D) Schematic location of domains on tGAP1 gene. Bioinformatics analysis of the protein sequence predicted for tGAP1 revealed four regions with significant similarity to GAP domains (boxes). Numbers indicate the location of amino acids at the beginning and end of the domains. A region resembling the RalGDS/AF-6 domain (RA) is also shown (see text). Additionally, tGAP1 contains a putative nuclear localization sequence (NLS).
rpm in a microfuge at 4ЊC. The supernatant (nuclear extract) was collected, frozen in liquid nitrogen, and stored at Ϫ80ЊC.
Antibody Preparation
The tGAP1 coding sequence in cDNA clone 4A was subcloned into the pMAL-2c vector (New England Biolabs Ltd., Pickering, ON, Canada). MBP-4A fusion protein was purified using an amylose column purification system (New England Biolabs) according to the manufacturer's instructions. Antibody was raised against the purified protein in New Zealand White rabbits as described previously [28] . Two segments of tGAP (between amino acids 192 and 377 and between amino acids 479 and 662, containing the first and second putative GAP-domains D1 and D2, respectively) were individually cloned in the pMAL-2c vector. The purified fusion proteins MBP-D1 and MBP-D2 were isolated as described above.
Antibodies were affinity-purified and tested for specificity by immunoblotting as described previously [33] . Peptides used for affinity purification were MBP-4A, MBP-D1, and MBP-D2 separately.
Immunohistochemistry
Testes from adult rats were fixed in 4% paraformaldehyde, embedded in paraffin, and analyzed essentially as described previously [34] . Sections were stained using a Ventana Basic DAB Detection and Amplification kit (Ventana Medical System, Inc., Tucson, AZ), representing an indirect biotin-avidin system for detecting rabbit polyclonal primary antibodies. Affinity-purified anti-tGAP1 polyclonal antibody (made using MBP-4A) was used. As control, experiments were carried out using antibodies that had been preincubated with MBP fusion proteins and without primary antibody.
GAP Activity Assays
To analyze potential GTPase activity of tGAP1 (clone 4A) and the putative GAP-domains D1 and D2, in vitro GAP assays were performed. The positive control used in the assays was mouse CdGAP [35] . Briefly, recombinant RhoA, Rac, and Cdc42 (5 g each) were preloaded with [␥- 
Apoptosis Analysis
Rat IEC18 and monkey COS1 cells were cultured in appropriate medium. Cells were infected with adenoviruses containing no insert or expressing tGAP1 (in the sense or antisense orientation) or p53 at 90% confluence. The efficiency of infection was monitored for GFP using an inverted fluorescence microscope (Leica Microsystems Ltd., Richmond Hill, ON, Canada). After infection, cells were harvested at indicated times and washed with PBS. To determine apoptosis, in indicated cases the cells were treated with annexin V antisera and 7-amino-actinomycin D (7-AAD) using the annexin V-PE Apoptosis Detection kit (BD Biosciences Canada, Mississauga, ON) [36] . Cells were separated by fluorescent-activated cell sorting on a BD FACSVantage SE System (Becton Dickinson Canada, Inc., Mississauga, ON), and analysis of flow data was performed using the Cell Quest Pro software of the FacScan unit (Flow Cytometry Core Facility, University of Calgary).
RESULTS
tGAP1 Is a Novel Male Germ Cell Gene
In a comparison of total testis cells and undifferentiated spermatogonia (isolated exactly as described in [13, 14] ), we obtained three unique PCR fragments. One, labeled p5-5, represented a novel gene, and the results of its study are presented here. Clone p5-5 was first used to screen an undifferentiated spermatogonial cDNA library. Three cDNA clones (2C, 4A, and 6A) were isolated (GenBank accession no. AY631398, AY631399, and AY631400, respectively) that represent the novel gene, which we named tGAP1. To analyze the tGAP1 mRNA tissue expression pattern, we used primers 1461 and CAR1 (Fig. 1C ) in RT-PCR to analyze rat tissues. The results show that by this method, tGAP1 expression is restricted to testis (Fig. 1A, top) . Northern blot analysis demonstrated that the size of the adult tGAP1 transcript is approximately 4.3 kilobases (kb) (Fig. 1B) . Full-length adult rat testicular tGAP1 cDNA was 1983 tGAP1 INDUCES APOPTOSIS FIG. 2. tGAP1 genomic structure. A) Genomic DNA was extracted from two individual rats for PCR. The PCR was carried out using the CAF1 and CAR1 primers and revealed two fragments rather than the expected one fragment. Both PCR fragments were sequenced: The top band is 100% identical to the corresponding tGAP1 cDNA sequence, and the faster-migrating band has a 205-nucleotide deletion. B) A dot-plot comparison between tGAP1 genomic DNA and tGAP1 testicular cDNA to analyze the gene structure. The result shows that tGAP1 consists of 27 exons spread out over 58 kb of genomic DNA.
cloned by RT-PCR (GenBank accession no. AY631396):
The tGAP1 open reading frame predicts a 1288-amino acid residue protein. The adult testis tGAP1 cDNA sequence was compared to those of clones 2C, 4A ,and 6A, which indicated that it was a composite of 2C, 4A, and 6A (comparison schematically shown in Fig. 1C) .
To analyze the possibility that tissues other than testis contain very low levels of tGAP1 transcript that escaped detection in one round of PCR amplifications, a second round of amplification was carried out using nested primers (CAR1 and CAF1). The results (Fig. 1A, bottom) indicate very low-level but detectable tGAP1 mRNA in kidney, brain, heart, and muscle but no expression in liver, lung, intestine, colon, and epididymis. Note that the level of tGAP1 mRNA in brain detected by two rounds of RT-PCR is not detectable by Northern blot analysis. Interestingly, tissue-specific, alternatively spliced tGAP1 transcripts were observed in kidney and muscle in this analysis, resulting in PCR fragments that comigrated with fragments generated using clone 2C (Fig. 1A, bottom) .
The tGAP1 sequence analysis had indicated the existence of four repeated regions in the mature testis tGAP1 transcript. Protein analysis showed that these tGAP1 repeats have significant similarity to RhoGAP (GAP) domains (Fig.  1D ): The four domains are 30% identical and 49% similar (taking conservative substitutions into account) to human RhoGAP domain. The expectation values for the comparison between the human RhoGAP-domain gnlͦCDDͦ5330 and tGAP1 domains D1, D2, D3, and D4 are 2e-24, 9e-13, 8e-14, and 7e-10, respectively. In addition, the N-terminus of tGAP1 has a region with similarity to a domain termed RA for RalGDS/AF-6 that, in other proteins, interacts with Ras and other small GTPases, and the C-terminus has a sequence similar to a nuclear localization sequence (Fig.  1D) . The presence of four putative GAP domains is interesting, because all known RhoGAP and RhoGAP-like proteins-without exception-harbor only one such GAP domain (see Discussion). This analysis shows that tGAP1 might represent a novel member of the family of GAPdomain proteins with an expression that is largely restricted to testis.
tGAP1 Is a Member of a Multigene Family
In a PCR analysis of rat genomic DNA using tGAP1 primers CAF1 and CAR1 (Fig. 1C) , which should generate one PCR fragment with a size identical to that using adult testis tGAP1 cDNA, we consistently observed two genomic PCR products: One comigrated with the PCR fragment of testis tGAP1 cDNA as expected, but one was smaller ( Fig.  2A) . Sequence analysis of the larger genomic PCR fragment showed that it was identical to the tGAP1 cDNA sequence in full-length cDNA and that the smaller sequence was similar, but not identical, to that of clone 2C. The synthesis of more than one fragment from genomic DNA suggested the possibility that tGAP1 belongs to a family with at least two members. To investigate this, we performed RT-PCR using adult rat testis RNA and tGAP1 primers RCF1 and RCR1 to obtain the N-terminus of other potential tGAP1-like genes (Fig. 1C) . Resulting PCR fragments were cloned into the pCI vector and sequenced. Most clones were identical to tGAP1, but the sequence of one of them, clone F1, was only 88% identical to that of tGAP1. Clone F1 is a partial cDNA sequence, which encodes one putative GAP domain with significant similarity to domain D1 of tGAP1. We named the corresponding gene tGAP2 (GenBank accession no. AY631397).
BLAST analysis of the entire rat genome gave the following results: The tGAP1 gene is located on rat chromosome 2q23 and is 58 kb in size. We compared the nucleotide sequence of this 58-kb genomic fragment with the tGAP1 cDNA sequence in a dot-plot analysis: Regions of homology (representing exons) could be readily observed and indicated that the gene contains 27 exons (Fig. 2B) . The second family member, tGAP2, is located on rat chromosome 2q26. The locations of the tGAP1 and tGAP2 genes in the mouse genome are on mouse chromosome 3 region C and on chromosome 3 on the border between regions C and D, respectively.
Developmental Expression of tGAP1 in Rat Testis
To determine in which male germ cells tGAP1 is transcribed, we carried out the following analyses: First, Northern blot analysis was done using RNA from elutriated germ cell fractions containing pachytene spermatocytes, round spermatids, and elongating spermatids (Fig. 3A) . The results show that tGAP1 mRNA is present in spermatocytes, is slightly elevated in round spermatids, and is decreased in elongating spermatids (Fig. 3A) . The presence of tGAP1 mRNA in the spermatocyte fractions likely results from transcription of the gene in these cells but also might result from spermatids in the spermatocyte fraction. To distinguish these possibilities, we performed two different assays. Total RNA was extracted from these cells and examined by Northern blot analysis, which was carried out using radiolabeled probes for tGAP1 (top), Odf1 (middle), and ␤-actin (bottom). The Odf1 is used to verify the purity of germ cells, and the ␤-actin gene was used as control for RNA integrity and loading. Highest tGAP1 expression was seen in round spermatids. B) To determine the start of tGAP1 mRNA expression in spermatogenesis, RNA was isolated from postnatal rat testes at 5, 10, 15, 21, 25, and 31 days and from adult (A) testis (lanes 1-7, respectively; numbers indicate age) and then examined by Northern blot analysis using as probes tGAP1 (top), Odf1 (middle), and ␤-actin (bottom) [65] . C) To examine the possibility of low-level tGAP1 mRNA expression during early male germ cell development, RNA was isolated from rat testes and used in RT-PCR with ␤-actin primers (top) and tGAP primers (1461 and CAR1; middle). The RNAs were isolated from fetal testis (lane 2) and postnatal testes at 5, 10, 15, 21, 25, and 31 days as well as from adults (lanes 3-9, respectively). Lane 1 shows a 100-bp DNA marker. Lane 10 shows a negative control for RT-PCR (no RT reaction but otherwise identical to other PCR conditions). The RT-PCR pattern reflects that of the Northern blot analysis. Reamplification of the first RT-PCR products (bottom) using seminested primers revealed tGAP1 expression in spermatogonia (lane 3), as expected, but not in fetal testis (lane 1).
In the first, blots were reprobed with the spermatid-specific Odf1 cDNA: The intensity of the Odf1 signal in the spermatocyte fraction is a measure of the level of contamination of spermatocytes with spermatids [31] . The result (Fig. 3A) indicated that contamination of the spermatocyte fraction with spermatids was low. The difference in intensity between signals in the spermatocyte fraction and the spermatid fraction is large for Odf1 but smaller for tGAP1, suggesting that spermatocytes express tGAP1 mRNA. We also performed single-cell RT-PCR on isolated spermatocytes: In all cases, a fragment was amplified, specifically demonstrating that tGAP1 is, indeed, transcribed in pachytene spermatocytes (not shown), which is in agreement with the interpretation from the Northern blot experiment.
Second, we performed two developmental expression analyses, one by Northern blot analysis and one by RT-PCR, on RNA isolated from rat testis at different times after birth. Because the first round of spermatogenesis after birth is highly synchronized, the appearance of a tGAP1 transcript at a particular age can be directly correlated with the appearance of differentiating male germ cells at that age. The results of the Northern blot analysis are shown in Figure 3B . These results demonstrate that in this assay, tGAP1 mRNA is first detectable at Day 21 of age, which is consistent with expression in midpachytene spermatocytes (lane 4), whereas-as expected-Odf1 mRNA is first detectable at Day 31, coinciding with the appearance of spermatids (lane 6). Our data indicate that tGAP1 transcription starts in spermatocytes and continues after meiosis. We note a substantial increase in tGAP1 mRNA accumulation concomitant with the appearance of spermatids, suggesting that tGAP1 protein might be more abundant in spermatids than in spermatocytes. Similar RNA preparations were also used in developmental RT-PCR experiments (Fig. 3C) . The pattern observed after one round of PCR was in agreement with that of the Northern blot analysis. The tGAP1 mRNA was detectable after a second round of PCR at Day 5 of age, coinciding with the presence of spermatogonia (Fig.  3C, lane 3) . No tGAP1 mRNA was detected in fetal tissue even after two rounds of PCR (Fig. 3C, lane 2) .
tGAP1 Protein Localizes to the Spermatid Nucleus and Cytoplasm
A rabbit polyclonal antibody was generated against tGAP1 to investigate tGAP1 synthesis in testis. The results are shown in Figure 4A . First, the anti-tGAP1 antibody was shown to specifically immunoprecipitate in vitro-translated, full-length tGAP1 using clone pCI-tGAP1: The apparent size of the tGAP1 protein is estimated to be approximately 175 kDa (lane 1). The anti-tGAP1 antibody also specifically recognized tGAP1 protein synthesized in transiently transfected 293T cells in Western blot assays (lane 2). Second, we used the antibody to analyze the production of tGAP1 during spermatogenesis. Results of Western blot analysis using anti-tGAP1 antibody and extracts from elutriated spermatocytes (lane 6), round spermatids (lane 5), and elongating spermatids (lane 4) indicated that tGAP1 is expressed in these germ cells. Moreover, the intensities of the signals in the Western blots paralleled those in the Northern blot experiment, with peak tGAP1 accumulation being noted in round spermatids. We also observed the presence of two bands, approximately 165 and 175 kDa in size, in germ cells and in total testis, respectively, (lane 3) in the immunoblotting assays lanes 4-6. The ratio between the 175-and 165-kDa tGAP1 proteins changes in the different germ . Note the detection of two tGAP1 proteins in testis and male germ cells. B) Rat testes were prepared for immunohistochemistry as described in Materials and Methods. Immunohistochemistry was carried out using anti-tGAP1 polyclonal antibodies to define the localization of the protein in male germ cells. Staining of germ cells at different stages (I-XIV) of the cycle of the rat seminiferous epithelium is shown. Indicated are stages III, VII, and XII (A-C, respectively), containing spermatocytes (P), round spermatid (RS), and elongated spermatid (ES). Note the cytoplasmic stain in spermatocytes and the nuclear stain in spermatids. Bar ϭ 10 m. C) Western blot analysis of cytoplasmic (lanes c) and nuclear (lanes n) fractions isolated from testicular germ cells using anti-tGAP1 antiserum. As controls for crosscontamination of cytoplasmic and nuclear fractions, cytoplasmic and nuclear extracts were also analyzed using anti-CREMt antibody, which detects the testicular nuclear CREM transcription factor (bottom), and antibodies against Mtsga10 (middle), which is a cytoplasmic protein. Note the presence of tGAP1 in both cytoplasmic and nuclear fractions. cells during progression through spermatogenesis. We do not, at present, know the origin of the smaller variant. Immunohistochemistry was next carried out using affinity-purified anti-tGAP1 antibody and rat testis sections. We observed tGAP1 staining in the cytoplasm and on cell membranes of pachytene spermatocytes (Fig. 4B) . After meiosis, tGAP1 is visible in the cytoplasm but also accumulates in the nucleus of all postmeiotic cells in the seminiferous tubules (Fig. 4B, round spermatids and elongating  spermatids) . In control experiments, staining was abolished using antibody that was blocked with recombinant tGAP1 protein (not shown).
To obtain further biochemical evidence to support the observation of nuclear tGAP1 protein, we carried out cell fractionation experiments. Nuclear and cytoplasmic extracts were isolated from total testicular germ cells and used for immunoblotting. As control for the quality and degree of cross-contamination of nuclear and cytoplasmic extracts, we used antibodies that recognize the nuclear spermatid transcription factor CREM [37] and antibodies that recognize the cytoplasmic protein Mtsga10 [38] . The results using the control antibodies indicated that the cytoplasmic and nuclear extracts are not significantly cross-contaminated: Mtsga10 is predominantly in the cytoplasmic fraction (Fig. 4C, lane c) , and CREM is predominantly in the nuclear fraction (Fig. 4C, lane n) . We next observed that the 175-and 165-kDa tGAP1 proteins are present in germ cell cytoplasm and nucleus (Fig. 4C) : The 165-kDa variant appears to be equally distributed, whereas the 175-kDa variant appears to be more cytoplasmic. This result confirms the nuclear location of tGAP1. Together, these data show that tGAP1 variants have multiple subcellular locations depending on the stage of spermatogenesis.
tGAP1 Lacks Detectable RhoA, Cdc42, or Rac GAP Activity
The tGAP1 protein sequence indicated the presence of four putative GAP domains that are 30% identical to human RhoGAP domains. To analyze if tGAP1 has intrinsic GAP activity to known substrates, the first and second GAP domains (D2 is similar to domains D3 and D4) were subcloned individually and expressed as MBP-fusion proteins. Next, MBP-D1, MBP-D2, and MBP-4A (containing all four domains) were analyzed by in vitro GAP assays to determine whether they have functional GAP activity toward RhoA, Rac1, and/or Cdc42. The positive control for Cdc42 and Rac was mouse CdGAP. Table 1 shows the results: Percentage GTP remaining represents the ratio of GTP bound to the indicated GTPase after a 5-min incubation with the indicated GAPs compared to GTP bound to the indicated GTPase at the 0-min time point. Clearly, CdGAP is active toward Cdc42 and Rac1, as expected [35] . However, neither tGAP1 nor any of the subcloned putative domains shows activity toward Cdc42, Rac1, or RhoA. This result suggests either that tGAP1 does not have intrinsic GAP activity or, alternatively, that we have not yet found its specific small GTPase substrate. Based on the tGAP1 expression analysis, a small tGAP1 GTPase substrate should be present in the spermatocyte cytoplasm and/or the spermatid nucleus or cytoplasm (see Discussion).
tGAP1 Affects Mouse Fibroblast Proliferation
To study a possible function of tGAP1, we transfected NIH3T3 mouse fibroblasts, which do not express tGAP1, with pCI-tGAP1 and then selected G418-resistant colonies. However, we were unable to obtain NIH3T3 cells stably expressing tGAP1, indicating that tGAP1 expression might adversely affect the cell cycle or cell growth. We therefore used an inducible mammalian expression system based on ecdysone-directed induction of transcription. Several colonies were obtained containing the inducible tGAP1 expression construct; however, these colonies grew very slowly in comparison to colonies obtained using empty vector. To FIG. 5 . Expression of tGAP1 in transfected fibroblasts. The tGAP1 was cloned in the ecdysone-inducible pIND vector and transfected in NIH3T3 cells that lack endogenous tGAP1 expression (see Fig. 1B ) together with the pVgRXR vector. Several stably transfected colonies were obtained, most of which grew slowly, and colonies 1 and 2 were analyzed further. Total RNA was extracted from colonies 1 and 2 before induction (lanes 2 and 3), as well as from testis used as a positive control (lanes 1 and 8) and analyzed for tGAP1 expression. Northern blots were probed simultaneously with radiolabeled tGAP1 and ␤-actin probes. This analysis showed a leaky expression of tGAP1 mRNA (lanes 2 and 3). After several more passages, colonies started growing at a rate that was normal for fibroblasts. The analysis of tGAP1 mRNA expression by a similar Northern blot assay indicated that tGAP1 expression had essentially disappeared both before and after induction with ecdysone (lanes 4-7) . confirm tGAP1 expression, RNA was extracted for Northern blot analysis from slow-growing, early passage, uninduced colonies. The results showed clearly detectable amounts of tGAP1 mRNA in the absence of ecdysone induction (Fig. 5, lanes 2 and 3) , indicating leaky expression from the inducible promoter. We observed that after 8-10 additional passages, these colonies started to grow at the rate of vector-only controls. Northern blot analysis of tGAP1 mRNA in these late-passage, normal-growing cells indicated that expression of tGAP1 was absent both before (lanes 4 and 5) and after ecdysone induction (lanes 6 and 7). Together these results suggest that tGAP1 expression has a negative effect on fibroblasts.
tGAP1 Induces Apoptosis
Expression of tGAP1 might halt cell division (cell arrest) and/or induce programmed cell death (apoptosis), which would explain our inability to obtain tGAP1-expressing fibroblasts. To investigate the possibility of tGAP1-induced apoptosis, rat IEC18 cells, which do not express endogenous tGAP1 mRNA (see below), were infected with adenoviruses carrying no insert and adenoviruses expressing either tGAP1 or antisense tGAP1, and cells were monitored at different times after infection by fluorescence microscopy (all adenoviruses used express GFP). To confirm tGAP1 expression in infected cells, we first performed Western blot analysis of total cellular proteins extracted 36 h after infection. As shown in Figure 6A , tGAP1 protein expression was evident in cells infected with tGAP1 in the sense orientation (lane 4) but not in cells infected with adenoviruses carrying tGAP1 in the antisense orientation (lane 5). The tGAP1 protein expressed from the adenovirus comigrates with spermatid tGAP1 and tGAP1 expressed in human 293T cells (Fig. 6A, lanes 1 and 2, respectively) . Furthermore, we determined that in adenovirus-infected cells, tGAP1 protein accumulates in both cytoplasm and nucleus (Fig. 6B, panel 2) , which is in agreement with our observations in testis.
We next examined a possible cell-death effect of tGAP1 by monitoring GFP expression over time in cells infected with tGAP1-expressing adenoviruses and cells infected with control adenovirus. At 12 h after infection, a large proportion of IEC18 cells is GFP-positive (Fig. 6C, panel  12-tGAP1) , indicating efficient infection with tGAP1-expressing adenovirus. At 36 h after infection, most cells changed morphology and became rounded, and some started to detach (Fig. 6C, panel 36-tGAP1) . At 48 h after infection, few cells were still alive, as monitored by significantly decreased GFP expression (Fig. 6C, panel 48-tGAP1 ). In contrast, IEC18 cells infected with control adenovirus were efficiently infected, remained attached, and displayed normal morphology 48 h after infection (Fig. 6C,  panel 48-no tGAP1) . This suggested that tGAP1 induces cell death or affects the cytoskeleton, resulting in the observed morphological changes.
To analyze if tGAP1-induced cell death results from apoptosis, we double-stained infected cells with two markers, annexin V-fluorescein and 7-AAD, to identify early apoptotic intact cells (annexin V-positive/7-AAD-negative cells) and late-apoptotic populations with damaged membranes that permit entry of isothiocyanate-7-AAD (annexin V-positive/7-AAD-positive cells) [36] . Rat IEC18 cells were individually infected for 36 h in the following groups: adenovirus expressing only GFP, adenovirus expressing the p53 gene, adenovirus expressing antisense tGAP1, and adenovirus expressing tGAP1. Infected cells were examined by fluorescent-activated cell sorting. Figure 7 shows the results: The lower-right quadrant reflects early apoptotic cells (annexin V-positive/7-AAD-negative) and clearly shows that tGAP1 induces apoptosis, as exemplified by the presence of abundant annexin V-positive/7-AAD-negative cells. The efficiency of induction of apoptosis by tGAP1 is similar to that of the positive-control p53. As expected, adenovirus without an insert and adenovirus expressing antisense tGAP1 failed to induce apoptosis. Identical results were obtained for COS1 cells infected with these viruses (not shown).
DISCUSSION
The Rho GTPases are a subgroup of the large superfamily of Ras small GTPases that hydrolyze GTP to GDP [39] [40] [41] [42] [43] . Currently, more than 18 distinct Rho GTPases have been identified in mammalian cells, but the best-studied family members are RhoA, Rac1, and Cdc42. These proteins have been found to regulate the morphological and migratory properties of mammalian cells, signaling pathways that control gene transcription, cell-cycle entry, and cell survival. The Rho-related enzyme activity is regulated by corresponding GAP proteins that accelerate by orders of magnitude the conversion of GTP to GDP by the small GTPases. These GAP proteins contain a GAP domain with a conserved structure, the so-called arginine finger [44, 45] , that inserts into the phosphate-binding pocket of small GTPases and activates GTPase activity [46] . Mutation of the Arg residue reduces enzymatic activity but has no significant effect on the binding of the GAP protein to its substrate [47] . The RhoGAP proteins have, in addition, two or more of a variety of domains with specific function, including SH3 and PH domains [48] . All GAP proteins have one GAP domain, except one putative RIKEN cDNA (GenBank accession no. AK005660) that encodes two pu- 
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To analyze the subcellular localization of exogenously expressed tGAP1, NIH3T3 cells were transfected with a GFP-tGAP1 fusion construct. Transfected cells were analyzed by fluorescence microscopy for staining of nuclear DNA with 4Ј,6Ј-diamidino-2-phenylindole (1) and expression of GFP-tGAP1 (2) . Note that tGAP1 is present in both nucleus and cytoplasm. Magnification, ϫ100. C) To analyze if tGAP1 affects cells, rat IEC18 cells were infected with the adenovirus described in A that expresses tGAP1 and GFP. Expression of GFP is indicative of live infected cells. Cell cultures were examined at 12, 36, and 48 h after infection, as indicated, for GFP expression. Both GFP and phase-contrast images of infected cultures at these time points are shown (top three rows of images), as is a merged image. As control, rat IEC18 cells were infected with adenovirus expressing only GFP; these cells showed that adenovirus itself had no effect on the cells after 48 h (bottom). Magnification, ϫ20.
tative domains). In contrast, the tGAP1 coding region predicts a protein with four putative GAP domains. Sequence analysis of these four domains indicated that the Arg residue, which is conserved in GAP domains, is not present. It was recently shown that RanGAP, which binds Ran together with a Ran-binding protein, RanBP1, does not employ an arginine finger in this interaction [49] . Attempts to determine GAP activity for tGAP1 have failed for RhoA, Rac, and Cdc42, possibly because tGAP1 domains lack the critical Arg residue. This finding makes sense, because RhoA, Rac1, and Cdc42 are not expressed in male germ cells [24] . This result suggests, therefore, that tGAP1 lacks intrinsic GAP activity or, alternatively, that the tGAP1 substrate remains to be identified.
Analysis of the tGAP1 mRNA expression pattern revealed several interesting features. The predominant site of expression is testis. Expression in other tissues, including brain, heart, and muscle, could only be detected after two successive rounds of PCR. In testis, tGAP1 mRNA synthesis coincides with the appearance of midpachytene spermatocytes, and the presence of readily detectable amounts of tGAP1 mRNA after meiosis could result from stabilization of the transcript or continued transcription. In addition, tGAP1 is expressed at Day 5 of age, coinciding with FIG. 7. tGAP1 induces apoptosis. Rat IEC18 cells were infected with recombinant adenoviruses without an insert (no insert), expressing p53 (p53), tGAP1 in the antisense orientation (tGAP1 antisense) and tGAP1 (tGAP1 sense). Infected cells were treated with annexin V antisera and 7-AAD as described in Materials and Methods. Cells were next separated by flow cytometry. The analysis of flow data were done using the Cell Quest Pro software of the Becton Dickinson FacScan unit and demonstrated that tGAP1 induces apoptosis with an efficiency similar to that of p53, as evidenced by the appearance of cells in the lower hand quadrant (annexin V-positive/7-AAD-negative). Antisense tGAP1 or adenovirus without an insert did not induce apoptosis.
the presence of spermatogonia. However, whereas meiotic and postmeiotic male germ cells express one tGAP1 mRNA, spermatogonia express several differentially spliced variants. These variants are predicted to encode tGAP1 variant proteins with only three of the four putative GAP domains. In addition, the presence of very small amounts of clone 2C-like mRNA in kidney, full-length mRNA in brain and heart, and both types in muscle suggests the possibility that different tGAP1 proteins have differential activity and/or specificity. Using tGAP1 antibodies, we show that tGAP1 protein expression patterns in testis reflect those of tGAP1 mRNA. However, the protein analysis revealed two noteworthy features: First, the subcellular localization of tGAP1 appears to change from predominantly cytoplasmic in spermatocytes to predominantly nuclear in spermatids. Thus, tGAP1 can be added to the increasing number of proteins that have been shown to change location in male germ cells during development [50] [51] [52] , one of which is Ran [53] . Second, immunoblot results from these germ cells revealed the presence of two tGAP1 protein variants of 175 and 165 kDa. The origin of two proteins instead of one is not yet known, but it might involve posttranslational modifications. Spermatocytes produce more of the 175-kDa protein, whereas elongating spermatids synthesize more of the 165-kDa variant. These two variants are present in cytoplasmic and nuclear fractions. The large size of both suggests an active nuclear import mechanism: Both contain a putative nuclear localization signal just upstream of the last GAP-domain D4. In agreement with our observations in testis, transfected somatic cells and somatic cells infected with adenoviruses expressing tGAP1 also produce both variants (and in a ratio similar to that seen in spermatocytes). This indicates that the mechanism resulting in two products instead of one is not male germ cell-specific.
What could be the function and mechanism of action of the tGAP1 protein during spermatogenesis? Spermatogenesis is the process of germ cell proliferation and differentiation. It has been shown that significant numbers of male germ cells that result from mitosis and meiosis die by an apoptotic process [1, 54, 55] . Germ cell apoptosis may eliminate cells that accumulate mistakes during the many divisions and differentiation steps. The significance of regulating cell population by apoptosis is more apparent when sperm production is halted [56] . In an attempt to generate cell lines that stably express tGAP1, we discovered that tGAP1 prevented colony growth, which is in agreement with other reports concerning the negative effects of GAP domain-containing proteins on cell growth [57] [58] [59] . Further experimentation uncovered that tGAP1 efficiently induces apoptosis in somatic cells. The mechanism by which it does this is not known, but our observation represents the first documentation of apoptotic activity for a GAP domain-containing protein. We believe, however, that the possibility that tGAP1 regulates apoptosis in male germ cells is not likely: From the immunocytochemical analysis, it appears that all spermatocytes and all spermatids express tGAP1 in easily detectable quantities, yet apoptosis is a highly selective process. If tGAP1 plays a role in testicular apoptosis, it must itself be under tight control, because its mere expression in somatic cells results in massive apoptosis. It therefore is more likely that the apoptotic pathway induced by tGAP1 in somatic cells is not available in spermatids.
Based on our data, one can, however, envisage different functions for tGAP1 in the regulation of small GTPases. In one model, tGAP1 lacks GTPase stimulatory activity but can still bind GTPases and/or other proteins: It thus would effectively sequester the GTPase (perhaps in the nucleus) and, in that manner, regulate its function. Alternatively, one can propose a model in which tGAP1 regulates a yet-tobe-identified small GTPase, such as Rnd2 or Ran. The testicular Ran GTPase proteins [60] are attractive potential tGAP1-regulated proteins for several reasons: 1) Similar to RanGAPs, all four tGAP1 GAP domains lack the Arg residue; 2) similar to tGAP1, which is present in the spermatid cytoplasm and nucleus, Ran relocates from manchette to nucleus in elongating spermatids [53] ; and 3) Ran-binding proteins have been isolated from testis [61, 62] . These two models can also be combined: tGAP1 could sequester Ran in the nucleus, thus impacting import/export in the spermatid nucleus. It is also interesting to note that the protein causing segregation distortion in male Drosophila flies was identified as Sd-RanGAP [63, 64] , which encodes a truncated protein that mislocalizes to the nucleus but that retains enzymatic activity. The Sd-RanGAP acts by reducing nuclear RanGTP levels, disrupting the Ran signaling pathway, with significant effects on male fertility.
Our genomic analysis and bioinformatics approach showed that tGAP1 belongs to a multigene family. Both tGAP1 and tGAP2 are significantly related and are clustered in syntenic regions in the rat and mouse genomes. It is not known if the arrangement of tGAP genes is important 1989 tGAP1 INDUCES APOPTOSIS for their transcriptional regulation, but the discovery of more than one family member suggests a role for these novel multi-GAP domain-containing proteins that is conserved.
